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Abstract 

Goal, Scope, and Background The paper describes the 
integration of the economic input-output life cycle assess¬ 
ment (EIO-LCA) model and the environmental fate and 
transport model (CHEMGL) with a risk assessment tool. 
Utilizing the EIO-LCA, instead of a traditional LCA, 
enables a rapid, screening-level analysis of an emerging 
chemical of concern, decabromodiphenyl ether (DecaBDE). 
The risk assessment in this study is evaluated based on the 
mass of chemical released, estimated concentrations, 
exposure, and chemical toxicity. 

Methods The relative risk from ten economic sectors 
identified within the EIO-LCA model, 55 chemicals 
utilized in those sectors and DecaBDE along with four 
potential DecaBDE breakdown products, were evaluated 
for the life cycle stages and exposure pathways. The 
relative risk (expressed as toluene equivalents) of the 
different chemicals, sectors, and life cycle stages were 
compared to assess those representing the greatest overall 
relative risks to humans (via inhalation and ingestion) and 
fish. 

Results The greatest overall risk to human health resulted 
from the manufacturing and production stages. For fish, the 
manufacturing stage represented virtually all of the risk. Of 
the 56 chemicals evaluated, DecaBDE represented the 
majority of the total risk to humans. However, DecaBDE 
posed the least risk compared to its potential breakdown 
products. 

Responsible editor: Sangwon Suh 

H. E. Wright ■ Q. Zhang (H) • J. R. Mihelcic 
Department of Civil and Environmental Engineering, 

Sustainable Futures Institute, Michigan Technological University, 

1400 Townsend Drive, 

Houghton, MI 49931, USA 
e-mail: qiong@mtu.edu 


Discussion The risk to humans from ingestion, which 
represented the greatest risk, from the production, manu¬ 
facturing, and consumption stages can be controlled and 
reduced through various safety precautions in the work¬ 
place. Additionally, the increasing concentration of Deca¬ 
BDE in anaerobic compartments represents a threat to 
humans and fish via the higher risk DecaBDE breakdown 
products. 

Conclusions Overall, the manufacturing and production life 
cycle stages pose the greatest risk to humans and fish. The 
sediment compartment received the highest DecaBDE 
concentration for the production, manufacturing, and 
consumption stages. This case study demonstrates that the 
integrated EIO-LCA with risk assessment is suitable for 
screening-level analysis of emerging chemicals due to rapid 
life cycle inventory analysis. 

Recommendations The production and manufacturing 
stages allow for greater industry control and government 
regulation, compared to the consumption stage, because 
there are fewer point sources. This integrated life cycle 
methodology may allow chemical designers to evaluate 
each stage and assess areas where risks can be minimized. 

Keywords Decabromodiphenyl ether • Economic input- 
output LCA ■ Emerging chemical of concern • 

Flame retardants • Risk assessment 


1 Introduction 

Traditional life cycle assessment (LCA) provides a holistic 
and systematic perspective; however, it is data intensive and 
time consuming, requires comprehensive analysis, and is 
expensive to conduct (Curran 1996; Deanna and Fullerton 
1994). To respond to these challenges, researchers at 
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Carnegie Mellon University (CMU) created the economic 
input-output life cycle assessment (EIO-LCA) model 
which estimates material and energy inputs and environ¬ 
mental outputs resulting from economic sector production 
or service provision (CMU Green Design Institute 2006). 
The EIO-LCA model allows for rapid analysis, utilizes 
publicly available data, is inexpensive, and is appropriate 
for screening-level analysis (Bilec et al. 2006). Although 
LCA provides a means to identify and evaluate inputs and 
the resulting outputs, there has been little progress in 
translating these environmental outputs into estimates of 
impacts to human health and the environment (Matthews et 
al. 2002). Risk assessment provides a means to quantify 
health and environmental impacts of a product or process, 
which allows the potential health effects of the outputs to 
be estimated. These two types of assessment are closely 
connected and there have been efforts to incorporate or 
address risk assessment within a traditional LCA approach 
(Guinee and Heijungs 1993; Pant et al. 2004; Saouter et al. 
2001; Saouter et al. 2002; Jolliet et al. 2006; Larsen and 
Hauschild 2007); however, this has not been infused into 
EIO-LCA. 

Previous EIO-LCA (Hawkins et al. 2007; Bilec et al. 
2006; Chen et al. 2001; Swarr et al. 2004) case studies 
evaluated environmental impact from chemical releases 
based on the mass of chemical released. Environmental fate 
and transport models and toxicity information have not 
been integrated in these studies to address the relative risks 
of chemicals. In this case study, a unique approach of 
integrating EIO-LCA with a risk assessment tool is applied 
for screen-level analysis to examine the relative risk posed 
during each life cycle stage of an emerging chemical of 
concern, a brominated flame retardant (BFR)—decabromo- 
diphenyl ether (DecaBDE). Emerging chemicals of concern 
are chemicals relatively new to commerce that are being 
found to have health and environmental risks such as 
damaging genetic material, interfering with hormonal 
systems, persisting in the environment, and bioaccumulat¬ 
ing in living organisms. The proposed approach is very 
suitable for emerging chemicals because it is difficult to 
compile life cycle inventory data for such chemicals using 
traditional LCA approach. 

2 Chemical of concern 

DecaBDE is a widely used flame retardant commonly 
added to plastics, polyurethane foams, and textiles. Fire 
safety standards require the end products (e.g., electronics, 
computers, carpets, and upholstery) to contain flame 
retardants that help delay the onset and spread of fire. 
DecaBDE is the dominant congener (97-99%) in the 
commercial mixture, which is in the class of polybromi- 


nated diphenyl ethers (PBDEs; Butt et al. 2003). DecaBDE 
is used in 80% of PBDE applications, and the concentration 
in products ranges from 10-15%; however, its use remains 
unregulated in the US (HRC 2004). 

An additive process is used to incorporate DecaBDE into 
the materials. This results in the chemical slowly volatiliz¬ 
ing into the environment during the product’s lifetime (Butt 
et al. 2003). PBDEs have very similar structures to 
polychlorinated biphenyls, are persistent organic pollutants 
that do not degrade quickly in the environment, and may be 
absorbed by humans and wildlife (HRC 2004). Hites (2004) 
documents the exponential increase in PBDE concentra¬ 
tions in humans and wildlife, which have doubling times of 
3 to 7 years. Bioaccumulation of DecaBDE appears to be 
low; however, the critical issue is that it can degrade into 
lower brominated diphenyl ether congeners (Hexa-, Hepta-, 
Octa-, and NonaBDE) that have shown higher bioaccumu¬ 
lation (Janssen 2005). DecaBDE is degradable under 
anaerobic conditions, in the presence of UV and natural 
light, and via metabolic processes in animals and micro¬ 
organisms (Illinois EPA 2006). The increasing quantities of 
DecaBDE in anaerobic compartments (soil and sediment) 
could have serious consequences for the environment and 
human health (Gerecke et al. 2005). 

3 Environmental fate and transport model development 

3.1 National CHEMGL model 

The environmental multimedia compartmental model, 
CHEMGL, was developed to predict the concentration of 
a chemical as a function of time for a given emission rate in 
the Great Lakes Region of North America (Zhang et al. 
2003). A national US version of CHEMGL was developed 
so that it could be linked with the EIO-LCA software, 
which is based on national economic and toxic release 
inventory data in the US. CHEMGL considers ten major 
well-mixed compartments (i.e., stratosphere, troposphere, 
air boundary layer, surface water, sediment, surface soil, 
vadose soil, plant foliage, root zone, ground water) and 
accounts for diffusive and non-diffusive mass transfer. The 
CHEMGL model description (including figure of compart¬ 
ments and fate mechanisms), development, and environ¬ 
mental properties can be found in Zhang et al. (2003). 

For the national model, the continental US was divided 
into nine regions based on climatic and geographic data. 
The regional specific parameters, 45 of 84 parameters, were 
identified, and values for those parameters were compiled 
for the regions (Wright 2007). For parameters available on 
a state-by-state basis (e.g., precipitation), individual state 
values were averaged to obtain regional values. The 
remaining parameters were determined on a regional basis 
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Table 1 DecaBDE input emission rates, measured and predicted national CHEMGL model concentrations 

Compartment 

CHEMGL 

Input (kg-day -1 ) 

CHEMGL 

predictions(ngnT 3 ) 

Measured 

Concentration (ng-nT 3 ) 

Source 

Air boundary layer 

7.1“ 

1.5e-03 

1.4e-02-3.5e~04 b 

BFRIP2002, Hites 2004, Janssen 2005 

Surface water 

7.1“ 

1.8e+02 

1.3e+02-3.8e+03 

Zhu and Hites, 2005 

Surface soil 

7.1“ 

2.5e+04 

2.0e+07-3.7e+07° 

Janssen 2005 

Sediment 

0 

2.7e+06 

2.0e+07 

Hites 2004 


“Assuming total amount of DecaBDE accumulated in US for 10 years of consumption of 24,000 tons/year and a world distribution of 27% for 
DecaBDE 
b Ambient air 

c Measured at production facility 


(e.g., dry deposition). The values from the nine regions 
were, then, averaged to obtain national parameter values 
and two methods were employed: (1) parameters indepen¬ 
dent of basin area (land plus water area) were calculated 
using a straight average of the nine regional values and (2) 
parameters dependent on basin area were estimated using a 
weighting factor—the ratio of a regional basin area to the 
total national basin area. The regional parameter values 
were multiplied by the weighting factor and then summed 
to obtain national parameter values. 

3.2 Model validation for flame retardant chemical 
of concern 

Although the regional CHEMGL model was verified 
(Zhang et al. 2003), the capability of the national 
CHEMGL model to predict the fate of chemicals in real 
environmental systems required validation. In order to 
validate the national model, the predicted compartment 
concentrations from CHEMGL were compared to measured 
data in the US. The model predicted the concentration of 
DecaBDE in all compartments for a 10-year period. The 
emission rate of DecaBDE to the air boundary layer, 
surface water, and surface soil compartments was estimated 
following a method used by the Danish Environmental 
Protection Agency (EPA; Lassen et al. 1999). Additional 
input data and emission rate calculations can be found in 
Wright (2007). 

Limited data was available in the literature for back¬ 
ground environmental concentrations of DecaBDE, which 
is highly dependent on the sampling location. No data was 
available for the following compartments: troposphere, 


stratosphere, vadose soil, ground water, plant foliage, and 
root zone. Therefore, the predicted CHEMGL concentration 
output values for these compartments could not be verified 
or rejected and are not listed in Table 1. The predicted 
concentrations in the air boundary layer, surface water, and 
sediment compartments agree within one order of magni¬ 
tude with reported concentrations and are considered to be 
acceptable for screening purposes. Average surface soil 
measurements were not available in the literature; however, 
measured concentrations of DecaBDE were reported from a 
production facility. These site-specific values are signifi¬ 
cantly greater than the average surface soil concentrations 
because they are measured at contaminated sites. As a 
result, the predicted surface soil concentrations from 
CHEMGL are less than the measured concentrations 
but fall within three orders of magnitude of the measured 
values. It was concluded that the national CHEMGL model 
is satisfactory to estimate chemical concentrations in 
environmental compartments for screening-level risk 
assessment. 


4 Scope of the study 

To streamline this analysis, the scope of the study includes 
the production of commercial DecaBDE, the manufacturing 
of DecaBDE incorporated products that includes premanu¬ 
facturing of materials required for those products and the 
consumption of those products (Fig. 1). Due to the 
difficulty of recycling flame retarded materials, products 
containing BFRs are typically landfilled (Lassen et al. 
1999). DecaBDE is vulnerable to photolytic debromination 


Fig. 1 System boundary of 
EIO-LCA case study 
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and if exposed to sunlight in landfills, photolysis could 
cause the transformation to lower brominated PBDE 
congeners. As discussed before, if these lower brominated 
PBDE congeners DecaBDE leach from the landfill, it will 
have serious consequences for the environment and human 
health. However, there have been very few studies on the 
fate of BRFs in landfills and no evidence of DecaBDE 
present in landfill leachate (Osako et al. 2004; Kim et al. 
2006). This is likely due to the high hydrophobicity of 
DecaBDE, which tends to cause the compound to bind to 
organic carbon found in landfilled solid waste and prevents 
it from easily leaching out (Kim et al. 2006). Therefore, it is 
assumed that there is no emission of DecaBDE to the 
environmental compartments from landfilled products, and 
the end of life stage was not included in the system 
boundary. Additionally, the transportation stage is ignored 
in the study because it is assumed that the DecaBDE 
released from products during this stage is negligible. The 
main concern of DecaBDE is the impact to human health 
and ecosystem. Therefore, the relative risk to human health 
and fish are adopted as impact categories. 

5 Methodology 

The methodology used to integrate the EIO-LCA with risk 
assessment for an emerging chemical is shown in Fig. 2. 
The environmental model requires the input of physical- 
chemical property data; however, much of this data for 
emerging chemicals was not available from the literature 
and had to be estimated from the chemical structure using 
the US EPA’s Estimation Programs Interface (EPI) Suite. 
Using the CHEMGL model, the chemical concentrations in 
the environmental compartments, as defined by the model, 


were estimated and input into a risk assessment tool. The 
risk assessment tool is a spreadsheet developed by the 
authors that calculates indicators in units of toluene 
equivalence using chemical concentration and toxicity as 
inputs. The concept of toluene equivalence was originally 
proposed by Guinee and Heijungs (1993) and applied by 
other researchers (Hertwich et al. 2000) which compare the 
risk potential of a chemical to the reference chemical— 
toluene—with respect to unit release. The environmental 
releases were estimated based on information obtained from 
open technical literature and the EIO-LCA model. Finally, 
the relative risk, expressed as toluene equivalent, was 
determined by multiplying the risk potential per unit release 
obtained from the risk assessment tool by the environmen¬ 
tal release. 

5.1 Life cycle inventory methodology 

Production and manufacturing stages The EIO-LCA was 
used to obtain the total environmental releases of DecaBDE 
and 55 additional chemicals and the total industrial output 
(in US$) from the production and manufacturing stages. 
The EIO-LCA model is widely used, easy to access for 
rapid analysis, and allows users to estimate the overall 
resource use and chemical releases from producing specific 
commodities or services over the entire supply chain, based 
on economic activity (CMU Green Design Institute 2006). 
For example, energy use, the amount of air pollutants, 
hazardous wastes, and toxics released can be obtained from 
the EIO-LCA model based on a certain dollar amount of 
producing a commodity or service. 

In the production stage, the reaction pathway of DecaBDE 
was determined and the reactants and intermediate products 
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Fig. 2 Schematic illustration of the methodology used to integrate an 
environmental fate and transport model (CHEMGL), an economic 
input-output life cycle assessment (EIO-LCA) model, and a risk 
assessment tool for a screening-level analysis. The CHEMGL is used 
to estimate chemical concentrations that are input into the Risk 


Assessment Tool to calculate a risk potential per unit release. The 
EIO-LCA model is consulted to obtain environmental releases from 
the production and manufacturing life cycle stages for relative risk 
calculation 
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Table 2 Manufacturing Stage: five electronic and five textile products and economic 

sectors identified in the EIO-LCA for the LCA case study 

Product(s) 

Source 

Sector 

Flame retardant material 

Posner 2004 

Alumina refining 

Plastics resins 

Janssen 2005 

Custom compounding of purchased resins 

Laminated plastics 

Janssen 2005 

Laminated plastics plate, sheet, and shapes 

TV housings 

Janssen 2005 

Plastics plumbing fixtures and all other plastics products 

Plastics 

Janssen 2005 

Plastics material and resin mfg 

Dyes and pigments 

Janssen 2005 

Synthetic dye and pigment manufacturing 

Bedspreads, curtains 

Cahill et al. 2005 

Knit fabric mills 

Textiles (fire finishing) 

Janssen 2005 

Textiles and fabric finishing mills 

Drapes 

Cahill et al. 2005 

Broadwoven fabric mills 

Mattresses 

Cahill et al. 2005 

Other rubber product manufacturing 


involved in the formation of DecaBDE were verified. 
Phenol is converted to diphenyl ether, an intermediate 
product, via the Williamson ether synthesis and, then, is 
brominated using a catalyst and excess bromine to produce 
DecaBDE (Kirk-Othmer 2005). In the EIO-LCA model, it 
was determined that fire retardant chemical preparations are 
manufactured under the “other miscellaneous chemical 
product manufacturing” sector. The total industry output 
(USS) for this sector was obtained from the EIO-LCA, 
and this value of economic activity was input into the EIO- 
LCA to estimate the release of phenol, bromine, and 
decabromodiphenyl ether. The relative risks from diphenyl 
ether were not assessed because this chemical is an 
intermediate product that is assumed to be completely 
converted in the production of DecaBDE. 

For the manufacturing stage, DecaBDE is primarily used 
in electronic and upholstery textile products that were 
identified from the literature (Table 2). In the EIO-LCA 
model, the sector descriptions were used to select key sectors 
in the manufacturing stage that included the products 
identified from the literature—five electronic related sectors 


and five textile related sectors (see Table 2). The industry 
output (USS) and chemical releases of the ten sectors were 
estimated using the EIO-LCA. Several sectors were not 
included in the LCA because they accounted for a small 
fraction (less than 1%) of the overall releases of DecaBDE. 

Consumption stage For the consumption stage, the emis¬ 
sion rate of DecaBDE from products in service was 
estimated using a method developed by the Danish EPA. 
As required for this method, the accumulated amount of 
DecaBDE in the US and the global market distribution of 
DecaBDE were determined from the literature. To calculate 
the total emission of DecaBDE from products in service, it 
was assumed that the accumulated amount of DecaBDE in 
2001 represented 10 years of consumption (approximately 
24,000 tons). The distribution of DecaBDE was estimated 
from the global market demand of BFRs at 27% (BSEF 
2001). An emission factor of 0.04% DecaBDE emitted per 
year and an error factor of 10 were applied to estimate the 
total emission of DecaBDE from products in service 
(Lassen et al. 1999). Both of these factors were adapted 


Table 3 EIO-LCA estimations of total industry output and chemical releases from products and economic sectors in DecaBDE production and 
manufacturing stages 


Life cycle 

Sector(s) 

Product(s) 

Total 

Total chemical released (kg) a 

Total chemical 

stage 



industry 
output ($ 
millions) 

Air 

Land 

Water 

released from 
sector(s) (kg) 

Production 

Other miscellaneous 

DecaBDE production 

11,796 

8,160.8 

34,406.4 

0.0 

42,567.2 


chemical product 

Phenol 


39,739.3 

0.3 

45.0 

39,784.6 


manufacturing 

Bromine 


12,422.2 

2,920.5 

0.0 

15,342.7 

Manufacturing 

Electronic 

Flame retardant material. 

122,785 

14,529.8 

49,673.2 

15.0 

64,217.9 



plastic resins, laminated 
plastics, TV housing, etc 







Textile 

Dyes and pigments, 
bedspreads, drapes, 
mattresses, etc. 

57,861 

10,306.1 

60,339.5 

4,380.1 

75,025.8 


a The production stage includes releases from DecaBDE, phenol, and bromine. The manufacturing stage lists releases only from DecaBDE 
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Table 4 Manufacturing stage: top three economic sectors that represented the greatest relative risk to humans and fish 


Risk category 

Sector 

Total relative risk 3 

Overall relative risk from 
exposure pathway 3 

Humans via inhalation 

Knit fabric mills 

2e+10 

4e+10 


Textile and fabric finishing mills 

le+10 



Custom compounding of purchased resins 

9e+09 


Humans via ingestion 

Plastics material and resin manufacturing 

8e+10 

2e+ll 


Custom compounding of purchased resins 

3e+10 



Textile and fabric finishing mills 

3e+10 


Fish 

Plastics material and resin manufacturing 

4e+08 

6e+08 


Plastics plumbing fixtures and all other plastics 

7e+07 



Other rubber product manufacturing 

5e+07 



3 Expressed as kilograms of toluene equivalence 


from the Danish EPA methodology. An error factor was 
applied due to the assumptions made in the estimation 
technique. 


5.2 Life cycle impact assessment methodology 

The main difficulty of performing an LCA on emerging 
chemicals of concern is the limited information available. 
The necessary physical-chemical input data for CHEMGL 
were obtained from databases (Kline et al. 2000; ChemOffice 
2000; US NLM 2005) and handbooks (Howard 1991; 
Mackay et al. 1992) or estimated using the US EPA EPI 
Suite (US EPA 2000) based on chemical structure. The 
required properties include—half-life of each chemical in 
air, water, aerobic and anaerobic environment, Henry's law 
constant, octanol-water partition coefficient, molecular 
weight, melting point, vapor pressure, and diffusivity in 
both air and water. The reaction rate constant of a chemical 
in each compartment in CHEMGL was determined based on 
the chemical’s half-life by assuming a first order reaction. 
The chemical concentration in each environmental compart¬ 
ment was estimated from CHEMGL for the production, 
manufacturing, and consumption stages. Combined with 
chemical concentrations, data on exposure factors—the rate 
at which humans exposed to a chemical in a specific 
compartment (US EPA 1997), lethal concentration 50 
(LC50; US EPA 2000), reference dose (RAIS 2005), and 
the threshold limit value (ACGIH 2000) were input to the 
risk assessment tool. All chemicals, physical-chemical 
properties, enviromnental concentrations and releases, and 
toxicity values can be found in Wright (2007). 

During the production and manufacturing stages, other 
chemicals in addition to DecaBDE are utilized in the 
production of DecaBDE (e.g., bromine and phenol) and in 
the manufacturing of electronic and textile products. Using 
the EIO-LCA model, 55 additional chemicals were identi¬ 
fied from the production and manufacturing sectors based 


on the mass of each chemical emitted from those sectors 
(Wright 2007). The risk from these 55 chemicals was 
evaluated to compare with DecaBDE. 

The chemical concentrations from the production and 
manufacturing stages were estimated in the CHEMGL 
model for the ten compartments based on a unit release in 
the following compartments: air boundary layer, surface 
water, surface soil, and ground water. The chemical 
concentration for biota phase in surface water was also 
estimated to determine the concentration in fish. The 
concentration values were input into the risk assessment 
tool to calculate the risk potential to humans and fish per 
unit release for each chemical. The risk to humans was 
assessed via two exposure pathways: inhalation and 
ingestion of water, fish, soil, and vegetables. The risk to 
fish was calculated based on chemical concentration in 




17 % 


Fig. 3 Top five chemicals (of the 56 chemicals evaluated in the study) 
that resulted in the greatest relative risk to a humans and b fish 
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□ Inhalation 

□ Ingestion 
■ Fish 


Relative Risk (kg of toluene equivalence) 

Fig. 4 Comparison of the total relative risk for each risk category and 
the overall relative risk posed by each life cycle stage 


surface water and LC50. The risk potential per unit release 
was, then, multiplied by the environmental release estimat¬ 
ed from the EIO-LCA model to determine the relative risk 
of each chemical. The total relative risk for each exposure 
pathway in each sector was calculated by adding the 
relative risks of all chemicals in that sector. The overall 
relative risk for each exposure pathway was calculated by 
adding the total relative risks of the ten sectors. 

The relative risk for DecaBDE in the consumption stage 
was calculated using a similar procedure as the production 
stage; however, the environmental releases were estimated 
using the Danish EPA methodology instead of the EIO- 
LCA model. 


6 Life cycle inventory 

6.1 Production and manufacturing stages 

The results of the EIO-LCA model outputs for the 
production and manufacturing stages are shown in Table 3. 
Based on the total releases obtained for the production 
stage, decabromodiphenyl ether and phenol are released in 
quantities two and half to three times greater than bromine. 
The majority of DecaBDE releases from the manufacturing 
stage came from textile related products, primarily from the 


manufacturing of dyes and pigments, bedspreads and 
curtains, and fire finishing textiles. The manufacturing of 
flame retardant material, plastic resins, and laminated 
plastics resulted in the main contributions of releases from 
electronic related products. 

6.2 Consumption stage 

Using the methodology developed by the Danish EPA, the 
emission rate of DecaBDE in the US was estimated to be 
2.6 tons/year. Using an error factor in this calculation 
resulted in a reduced emission rate of DecaBDE (by a factor 
of 10); however, the overall relative risk of the consumption 
stage was not significantly affected relative to the produc¬ 
tion and manufacturing life cycle stages. 


7 Life cycle impact assessment 

In this section, the risk assessment tool is utilized to 
evaluate the environmental concentrations determined from 
CHEMGL and to calculate the relative risk (expressed as 
kilograms of toluene equivalence) for each chemical and 
sector in the life cycle stages. 

For the production stage, the relative risk was deter¬ 
mined for DecaBDE, phenol, and bromine. DecaBDE 
posed the greatest relative risk to humans through inges¬ 
tion. Overall, DecaBDE represents the greatest relative risk 
for the production stage by five and six orders of magnitude 
over bromine and phenol, respectively. 

The relative risk for the manufacturing stage was 
determined for the ten sectors. The top three sectors that 
represent the greatest total relative risk to humans and fish 
are shown in Table 4. For humans and fish, the risk is high. 
For example, the risk to humans via inhalation from 1 kg of 
chemicals in the knit fabric mills sector represents 2.0e+ 
10 kg toluene equivalence. 

The top five chemicals were evaluated from the 
production and manufacturing stages to detennine which 


Table 5 Comparison of the risk per unit release posed by the potential DecaBDE breakdown PBDE congeners (Hepta-, Hexa-, Octa-, and 
NonaBDE) 


PBDE congener 

Total risk/unit release 0 

Inhalation 

Ingestion 

Fish 

Overall risk/unit release* 

Nonabromodiphenyl Oxide 

le+01 

- 

6e+09 

6e+09 

Octabromodiphenyl Oxide 

le+01 

5e+09 

2e+04 

5e+09 

Heptabromodiphenyl Oxide 

le+01 

- 

le+08 

le+08 

Hexabromodiphenyl Oxide 

le+01 

- 

2e+07 

2e+07 

Decabromodiphenyl Oxide 

le+01 

2e+07 

4e+00 

2e+07 


a Expressed as kilograms of toluene equivalence 
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of the 56 chemicals resulted in the overall greatest relative 
risk to humans and fish. As shown in Fig. 3a, DecaBDE 
represents approximately 98% of the total risk to human 
health; however, DecaBDE does not represent a significant 
risk to fish (Fig. 3b). 

In the consumption stage, DecaBDE represents the 
greatest risk to humans from ingestion by seven orders of 
magnitude over the risk to humans via inhalation. However, 
the risk to fish is seven orders of magnitude smaller than 
the risk to humans (Wright 2007). 

The manufacturing and production stages represent the 
greatest overall risk to humans, 62% and 38%, respectively 
(Fig. 4). Ingestion represents the greatest risk to humans for 
the production, manufacturing, and consumption stages. 
The manufacturing stage represents virtually all of the risk 
to fish. 

As shown in Table 5, the risk per unit release from four 
DecaBDE breakdown products was assessed for each risk 
category. Values for the reference dose are currently 
unavailable for Hepta-, Hexa-, and NonaBDE; therefore, 
the risk per unit release to humans through ingestion can 
only be assessed for OctaBDE, which is greater by two 
orders of magnitude over DecaBDE. The risk per unit 
release posed from inhalation was similar for the four lower 
PBDE congeners but less than one order of magnitude 
greater than DecaBDE. LC50 values were available in the 
literature for OctaBDE and DecaBDE; however, the 
remaining PBDE congeners LC50 values were estimated 
using EPI Suite. Based on the estimated LC50 and missing 
reference dose values, DecaBDE represents the least amount 
of risk per unit release by one to two orders of magnitude. 

8 Conclusions 

The study demonstrates that the approach of integrating 
EIO-LCA with risk assessment is suitable for screening- 
level analysis. It is relatively easy to compile life cycle 
inventory data compared with traditional LCA. It provides 
meaningful results to understand the fate and transport of 
the chemicals examined and can identify the critical life 
cycle stage and specific chemicals with high relative risks. 
The analysis from this study clearly indicates that the 
manufacturing and production stages represent the greatest 
risk to human health and fish. 

(1) DecaBDE. The manufacturing and production life 
cycle stages have the highest DecaBDE releases by 
more than three orders of magnitude over the 
consumption stage. Of the ten environmental compart¬ 
ments, the sediment compartment received the highest 
DecaBDE concentration for the production, manufac¬ 
turing, and consumption stages. Comparing the total 


relative risk of releases from only DecaBDE, the 
production stage has the highest relative risk by less 
than one order of magnitude over the manufacturing 
stage and three orders of magnitude over the con¬ 
sumption stages. 

(2) Additional Chemicals. The results from the 56 
chemical releases are similar to the DecaBDE only 
releases for the total relative risk. The manufacturing 
and production stages have the highest relative risk, 
both of which are greater than the consumption stage 
by three orders of magnitude. 


9 Recommendations 

(1) Potential improvement in the life of DecaBDE. As 
mentioned above, the manufacturing and production 
stages represent the greatest risk. This offers the 
greatest opportunities for reducing risks to human 
health and fish. These two stages allow for easier 
industry control and government regulation because 
there are fewer sources than in the consumption stage. 
For example, the textile and fabric finishing mills 
sector poses high relative risk to humans through both 
inhalation and ingestion exposure pathways. If chem¬ 
ical releases from this sector are controlled more 
effectively, the overall risk may be lowered. Addition¬ 
ally, for the production, manufacturing, and consump¬ 
tion stages, the ingestion exposure pathway poses the 
greatest risk to humans that can be controlled and 
reduced through various safety precautions in the 
workplace. 

(2) Application of the methodology. This integrated life 
cycle methodology allows chemical designers to 
evaluate each stage and assess areas where the risk 
can be minimized through the use of alternative 
chemicals or process operations. From the results of 
this study, other chemicals that pose significant risk 
(e.g., formaldehyde acrylamide, styrene) can be 
avoided or their quantities reduced and the potential 
risks posed by breakdown products (e.g., HexaBDE, 
HeptaBDE, OctaBDE, NonaBDE) can be analyzed. 
This allows policy makers to use these results to 
formulate policies that protect workers and consumers 
from these risks. 
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